The eurypsychrophilic bacterium Planococcus halocryophilus is capable of growth down to 2158C, making it ideal for studying adaptations to subzero growth. To increase our understanding of the mechanisms and pathways important for subzero growth, we performed proteomics on P. halocryophilus grown at 238C, 238C with 12% w/v NaCl and 2108C with 12% w/v NaCl. Many proteins with increased abundances at 2108C versus 238C also increased at 23C-salt versus 238C, indicating a closely tied relationship between salt and cold stress adaptation. Processes which displayed the largest changes in protein abundance were peptidoglycan and fatty acid (FA) synthesis, translation processes, methylglyoxal metabolism, DNA repair and recombination, and protein and nucleotide turnover. We identified intriguing targets for further research at 2108C, including PlsX and KASII (FA metabolism), DD-transpeptidase and MurB (peptidoglycan synthesis), glyoxalase family proteins (reactive electrophile response) and ribosome modifying enzymes (translation turnover). PemK/MazF may have a crucial role in translational reprogramming under cold conditions. At 2108C P. halocryophilus induces stress responses, uses resources efficiently, and carefully controls its growth and metabolism to maximize subzero survival. The present study identifies several mechanisms involved in subzero growth and enhances our understanding of cold adaptation.
Introduction
Most of the earth's ecosystems exist in permanently cold environments, including subzero environments, where the mean temperature never rises above 158C (Kirby et al., 2012) . The discovery of living, growing communities of microbes in polar habitats has raised numerous questions with regards to how microbes grow and survive at cold temperatures. Indeed, microorganisms living at subzero temperatures must overcome several kinetic, biochemical and physiological challenges, including decreased membrane fluidity, reduced enzyme activity, stable inhibitory secondary RNA and DNA structures, such as hairpins, and protein denaturation and misfolding (Doyle et al., 2012; De Maayer et al., 2014) . In addition, since liquid water in subzero environments occurs primarily in salty brine veins, where increased solute and salt concentrations act as freezing-point depressants, the survival of microbes in these environments requires the presence of adaptive mechanisms that allow them to grow under cold and high salt conditions (Mader et al., 2006; Chin et al., 2010) .
Studies looking into the cold-adaptations of microbes have included genomic, transcriptomic, and proteomic investigations, as well as investigations into cellular physiological changes and the specific structural and functional properties of cold-adapted proteins. Comparative studies looking at growth of cold-adapted microbes at both low (< 108C) and high (> 108C) temperatures, have found cold growth to be associated with significant changes in translation and transcription processes, with often elevated production of ribosome and associated proteins, RNA helicases and cold shock proteins. These studies also describe, at low temperatures, the presence and use of differentially regulated isozymes, upregulation of fatty acid, membrane transport and cell wall biosynthesis, accumulation of chaotropic metabolites, reduced abundance of flagellar motility and carbon-metabolizing enzymes, production of antifreeze proteins and increases in carotenoids and osmotic and oxidative stress responses (Chin et al., 2010; Miller and Whyte, 2012; De Maayer et al., 2014) .
To date about 75 eury-and steno-psychrophile genomes have been completely sequenced or have permanent sequence drafts (De Maayer et al., 2014) . Of these, however, few are capable of subzero growth and even fewer have been investigated using transcriptomic and proteomic techniques. In order to truly understand the cold adaptation and growth of psychrophiles it is important that we increase available transcriptome and proteomic studies, especially those that focus on microbes actively growing at subzero temperatures. A global picture of cold adaptation must also take into account differences between strains, and the environmental conditions from which the organism was isolated, which no doubt, will have a significant impact on the resulting methods of cold adaptation. In this context, it should be noted that many of the psychrophilic strains which have been sequenced to date were isolated from marine environments, and as a result, -omic analysis of these genomes may not reflect the cold adaptations of terrestrial isolates, whose environments are distinctly different from those of marine isolates (Bakermans et al., 2012) . Transcriptomic studies focused on subzero-growing permafrost isolates include Planococcus halocryophilus at 2158C (Mykytczuk et al., 2013) , Psychrobacter arcticus 273-4 at 268C (Bergholz et al., 2009) and Exiguobacterium sibiricum at 22.58C , while proteomic studies include only Psychrobacter cryohalolentis K5 at 248C (Bakermans et al., 2007) and Psychrobacter sp. PAMC 21119 at 258C (Koh et al., 2016) . These studies report evidence of isozyme exchange at lower temperatures Bergholz et al., 2009; Mykytczuk et al., 2013; Koh et al., 2016) , increased transport capacities (Bakermans et al., 2007; Koh et al., 2016) , decreased energy production (Bergholz et al., 2009; Koh et al., 2016) , changes in translation processes (Bakermans et al., 2007; Koh et al., 2016) and the cell wall and membrane modifications Mykytczuk et al., 2013; Koh et al., 2016) , when compared to higher temperatures.
Planococcus halocryophilus, a cryophilic (capable of subzero growth) eurypsychrophile, halotolerant bacteria was recently isolated from the active layer of a permafrost core from Eureka (Nunavut) in the Canadian high Arctic (Mykytczuk et al., 2012) . P. halocryophilus is capable of growth down to 2158C and respiration at least down to 2258C, the lowest temperature recorded to date for a bacteria (Mykytczuk et al., 2013) , making it an ideal candidate to study cold adaptation in microbes. While capable of growth at subzero temperatures, P. halocryophilus grows optimally at 258C, with a maximum temperature of 378C. The ability to grow over such a wide range of temperatures is intriguing and may reflect the harsh environment from which the organism was isolated, which experiences seasonal freeze and thaw cycles, varying from 158C in summer to 2208C to 2408C in the Arctic winter. P. halocryophilus is halotolerant, and so while salt is not required for growth, the bacterium is able to tolerate NaCl (w/v) concentrations of up to 19%, with optimal growth at 1.5% NaCl. While it is clear that P. halocryophilus would have had to adapt to subzero temperatures and high salt conditions, and has developed mechanisms that allow growth to continue even in these conditions, they are not optimum for growth and constitute stressful conditions that the organism must contend with (Mykytczuk et al., 2013) . Transcriptomic analyses comparing growth at 2158C and at 258C revealed selective upregulation of genes involved in cell division, fatty acid synthesis, solute binding, oxidative stress response and transcriptional regulation in the subzero condition (Mykytczuk et al., 2013) . In addition, Mykytczuk et al. discovered unusual cell envelope modifications during subzero growth, leading to production of a crust like envelope composed of peptidoglycan (1 protein), choline and CaCO 3 (Mykytczuk et al., 2015) . A study looking at the exposed surface proteins in Planococcus halocryophilus at 258C and 21088C found differences in the composition of membrane, peptidoglycan and transport proteins present at the surface (Ronholm et al., 2015) . Interestingly, the composition of fatty acids in P. halocryophilus at lower temperatures was found to favour a higher ratio of saturated to branched fatty acids (Mykytczuk et al., 2013) , contrary to what is observed in many cold adapted organisms. P. halocryophilus also shows evidence of genomic redundancy, including multiple copies of genes involved in osmolyte uptake. Considering its wide growth range (-158C to 378C), it is possible that these may be important and differentially expressed at different temperatures.
In order to gain a better understanding of the proteins and pathways active and important for growth in subzero and high salt conditions in this organism, we performed whole cell proteomic analyses of P. halocryophilus. This work is only the second proteomic study performed at such a low temperature (-108C) (Nunn et al., 2015) and the first at 2108C for an organism isolated from permafrost. Given its wide growth range and ability to grow at subzero temperatures, gaining a better understanding of the mechanisms used by this bacterium for subzero growth is particularly interesting. NaCl (-108C). Initial and final OD 600 were 0.1 and 0.4 for 2108C, 0.1 and 0.4 for 23C-salt and 0.1 and 1.0 for 238C (subsequently diluted). Normalized spectral counts (nSpc) were obtained as outlined by Paoletti et al. (2006) and identification of two unique peptides per protein sequence was set as a prerequisite for protein identification. Only proteins that passed the Benjamini-Hochberg test (q < 0.05), had a fold change of at least 1.5, and were identified in at least two of the three biological replicates in each growth condition were considered for further analysis.
Over 600 proteins were identified in each of the three conditions. Of these, 511 were present in all three conditions, while 34 and 156 were found to be unique to the 2108C and 23C-salt conditions respectively, and 68 proteins were present in both conditions (Fig. 1A) . While most of the proteins identified were present in all three conditions, significant changes in abundance levels were observed in many of these proteins between the three conditions ( Fig. 1B and Supporting Information Fig. S1 ). A 1.5 or greater fold change in abundance (q value < 0.05) was observed for over 250 proteins at 2108C compared to 238C and 23C-salt. Many of the proteins with high abundance at 2108C versus 238C also showed enhanced protein abundance at 23C-salt compared to 238C, indicating an overall closely tied relationship between salt and cold adaptation in P. halocryophilus. Additionally, and correlating with a unique and important role in cold growth, almost all of those proteins highly abundant at 2108C compared to 23C-salt were also found increased compared to 238C. While some overlap was observed for those proteins with lowered abundance at 2108C versus 238C and 23C-salt, most of these differed between 238C and 23C-salt.
Pathways and mechanisms
Predicted COG categories and KEGG pathways for differently abundant proteins at 2108C versus 238C or 23C-salt are shown in Figs 2-4. Proteins unique to a growth condition with no detectable spectral counts in the other conditions are not included in the KEGG analysis. KEGG pathways and modules assigned to proteins detected only at 2108C versus 238C or 23C-salt are provided in Table 1 . Since KEGG pathways which possessed the highest number of matched proteins were not always those with the highest change in abundance, Figs 3 and 4 show KEGG annotations in terms of both total number of proteins that map to each pathway and most significant abundance changes observed for each of the pathways. As is the case with other psychrophiles (Gao et al., 2006; ) a significant proportion (20%) of differentially abundant proteins at 2108C are either hypothetical or have general function predictions only and do not readily map to known COG categories and KEGG pathways (Supporting Information Fig. S1 Group R).
Of the proteins for which COG and KEGG assignments were possible, pathways related lipid and fatty acid metabolism, peptidoglycan synthesis, amino acid and nucleotide turnover and metabolism, ribosomal and translation processes, DNA recombination/repair and energy acquisition were found to have the highest abundance in the 2108C condition, either in terms of greatest increases in abundance or total proteins mapped (Figs 2-4) . However, decreases in protein abundance was also noted for other proteins that map to many of these processes, indicating that overall growth at 2108C generally involves significant changes in abundance of proteins in these cellular processes, rather than a simple increase or decrease of a specific process. Exceptions to this include peptidoglycan biosynthesis, nucleotide turnover, DNA repair, mRNA biogenesis, nicotinamide metabolism and fructose/mannose metabolism, for which only very minor to no decreases in abundance were seen for proteins in these categories, but for which there was a significant increase in several proteins ( Fig. 3 and 4) . Overall fewer proteins were found to be differentially abundant in the 2108C versus 23C-salt condition (Fig. 4) , as compared to the 2108C versus 238C condition (Fig. 3) . This is not surprising since, given the cold and salty permafrost affected environment from which P. halocryophilus was isolated, we would expect some overlap in the adaptions to both cold and salt stress. Some significant changes were seen however between 2108C and 23C-salt, with the most notable increases in 2108C grown cells observed for proteins involved in peptidoglycan biosynthesis, DNA repair and sulfur, B6 and amino acid metabolisms (Fig. 4) . Those proteins with significant differential abundances at 2108C and which appear to have important roles for subzero growth (Tables 1 and 2, Supporting Information Table S1 and Fig. S1 ) are discussed in more detail below with regards to their respective pathways and potential cellular functions.
Cold shock proteins, chaperones and helicases
Proteins belonging to the family of cold shock proteins (CSP), which bind to nucleic acids and function as regulators of various cellular processes including translation, transcription, protein folding, and RNA degradation, along with RNA helicases, which act as chaperones to destabilize potentially inhibitory secondary RNA structures, and proteins chaperones, are amongst the most studied features of cold growth and adaptation in cold-adapted microorganisms, owning in large part to their significant importance in stabilizing cold translation and transcription processes. Increases in abundance of one of more of these proteins has been seen in many of the transcriptomic/proteomic studies performed on eury-and stenopsychrophiles to date (reviewed in: De Maayer et al., 2014 and Miller and . The present study showed a twofold increased abundance of an RNA helicase at 2108C compared to the 238C and 23C-salt condition, while a DNA helicase with homology to RuvA, involved in recombination, was increased > 1.5 and > 3.5-fold compared to 238C and 23C-salt respectively ( Table 2) . The protein chaperone, ThiJ, with putative roles as a protein deglycase and in the oxidative stress response (discussed in more Fig. 2 . Predicted COG categories for total differentially abundant proteins ( 1.5-fold change) at 2108C compared to 238C (RT) and 238C with NaCl (RTsalt). detail below) was 3.25-fold increased. Two proteins that share homology with members of the family of cold shock proteins were detected in the organism (Table 2 ), but these were found to be abundant in all three conditions, perhaps signalling a preparedness of the organism to react quickly to changing temperatures, as would be expected in its natural active layer environment, which experiences large yearly freeze-thaw temperature fluctuations. This is not uncommon in psychrophiles; constitutive production of these proteins across broad temperature ranges are reported in several psychrophiles (De Maayer et al., 2014) , including the permafrost bacteria Psychrobacter arcticus 273-4 (Bergholz et al., 2009) and the soil isolate Arthrobacter globiformis (Berger et al., 1996) .
Cell wall biosynthesis and remodelling
A D-alanyl-D-alanine carboxypeptidase (DD-transpeptidase) was differentially abundant by more than ninefold at 2108C (no spectral counts at 238C) (Table 1) , while a Fig. 3 . KEGG pathways and modules for proteins with significant differential abundances at 2108C compared to 238C. Selected pathways include those for which at least a threefold increase or decrease was observed or which contain at least 3 proteins with 1.5-fold change (FC). multimodular transpeptidase-transglycosylase and a UDP-N-acetylenolpyruvoylglucosamine reductase (MurB) were strongly (> twofold) increased at 2108C compared to both 238C and 23C-salt (Table 2) . A second transpeptidasetransglycosylase was increased > 1.5-fold compared to 238C. D-alanyl-D-alanine carboxypeptidases are transpeptidases (TP) responsible for cross-linking of peptide chains during the last steps of cell wall synthesis (Lee et al., 2003) , while MurB is the enzyme responsible for the second committed step of peptidoglycan synthesis. The previous transcriptome study of P. halocryophilus (Mykytczuk et al., 2013) found the first enzyme involved in synthesis, MurA, to also be increased, although this was not seen in the present proteomic study (i.e., it had no normalized spectral counts (nSpc) in this study). Multimodular transpeptidases/transglycosylases (TG) are proteins which, in addition to crosslinking of peptide chains by TP, are also responsible for polymerization of the disaccharide units by the activity of TG (Ramachandran et al., 2006) . Together, these results indicate that peptidoglycan synthesis at subzero temperatures in Planococcus halocryophilus is a potentially crucial adaptation mechanism and is consistent with previous studies detailing the complex encrustation observed around P. halocryophilus cells during subzero growth (Mykytczuk et al., 2013) , which was shown to be composed of peptidoglycan (1 protein), choline and CaCO 3 (Mykytczuk et al., 2015) . The increased peptidoglycan is believed to provide an abundant negatively charged matrix that allows for CaCO 3 mineralization at the surface. The role that this encrustation plays, if any, in subzero growth is unknown but it has been suggested that it may offer additional protection from the harsh environment (Mykytczuk et al., 2015) . The psychrotroph Exiguobacterium sibiricum, isolated from Siberian permafrost, also increases expression of peptidoglycan biosynthesis genes at subzero temperatures leading to a thickening of the cell wall . Two Nacetylmuramoyl-L-alanine amidases were also found to be Fig. 4 . KEGG pathways and modules for proteins with significant differential abundances at 2108C compared to 238C with NaCl. Selected pathways include those for which at least a twofold increase or decrease was observed or which contain at least two proteins with 1.5-fold change (FC). more abundant at both 2108C and 23C-salt versus 238C (Tables 1 and 2 ), but one of these (gi|495774369) was much greater (> ninefold) at 2108C. This is intriguing since amidases are responsible for the breakdown of peptidoglycans, hydrolysing the link between N-acetylmuramoyl and L-amino acid residues. However, it is possible that in this case the amidases may function in enabling the significant remodelling of the peptidoglycan as shown previously by Mykutczuk et al. (Mykytczuk et al., 2013; 2015) leading, in combination with increased synthesis, to formation of the crust. These findings are somewhat contradictory to those from the surfaceomics study (proteomic analysis of the cell surface) of P. halocryophilus, which did not find a transpeptidase/transglycosylase or N-acetylmuramoyl-L-alanine amidases at subzero temperatures, but this may be due to the more limited number of proteins identified at 2108C in this published study (Ronholm et al., 2015) .
Fatty acid and lipid synthesis and modifications
Membrane remodelling is one of the most wide-spread adaptations observed in cold growing organisms and upregulation of related enzymes has been seen in numerous psychrophiles (Gao et al., 2006; Bergholz et al., 2009; Kim et al., 2013; Mykytczuk et al., 2013) . Modifications to fatty acid and membrane biosynthesis allow organisms to overcome decreased membrane fluidity at lower temperatures. In P. halocryophilus, PlsX, a phosphate:acyl-ACP acyltransferase was very strongly increased (> ninefold) at 2108C, with no observed abundance at 238C or 23C-salt (Table 1) . PlsX links the fatty acid (FA) synthase II pathway to the phospholipid synthesis pathway in gram positive bacteria by converting acyl-ACP de novo end products to acyl-PO 4 derivatives (Parsons et al., 2014) . A deletion mutant of PlsX in Staphylococcus aureus was a FA auxotroph (Parsons et al., 2014) , while in Streptococcus pneumoniae and Streptococcus mutans, PlsX deletions led to increases in saturated fatty acids (SFA) and changes in fatty acid chain length (Parsons et al., 2015; Garcia et al., 2016) . In Bacillus subtilis, a close relative of P. halocryophilus, depletion of PlsX led to cessation of both FA and phospholipid synthesis (Paoletti et al., 2007) . These studies suggest a crucial role of PlsX in modulating FA and phospholipid synthesis, chain length and for accumulation of unsaturated fatty acids in the membrane. In addition to PlsX, an acylcoA hydrolase and a homologue to the KASII protein from Escherichia coli were also increased (> twofold) ( Table 2) . Acyl-CoA hydrolases are responsible for hydrolysis of fatty acyl-CoA esters to free coenzyme A and a carboxylate. E. coli KASII, a 3-oxoacyl-[acyl-carrier-protein] synthase, is important for temperature-dependent regulation of membrane fatty acid composition (de Mendoza and Cronan Jr, 1983) . KASII can perform all elongation steps in SFA Table 1 . Proteins with normalized spectral counts (nSpc) at 2108C and no corresponding counts observed in the 238C condition (Benjamini Hochberg test, q < 0.05). Starred proteins showed no spectral counts at 238C or 238C with NaCl (23salt). Table 2 . Select proteins with significantly increased abundances (Benjamini Hochberg test, q < 0.05; fold change 1.5) at 2108C compared to 238C and 238C with NaCl (23salt) . N/A 5 no significant changes in normalized spectral counts. Mechanisms of subzero growth in cryophiles 4467 synthesis and is uniquely required for the last step in the unsaturated pathway, the elongation of palmitoleate (C16 monounsaturated) to cis-vaccenate (C18 monounsaturated) (Campbell and Cronan Jr, 2001 ). Deletion mutants were found to be deficient in synthesis of longer unsaturated fatty acids (UFA). A significant increase in abundance of PlsX, a hydrolase and KASII in the present study likely points to major fatty acid membrane modifications at subzero temperatures. Indeed, previously published FA profiles of P. halocryophilus reveal significant shifts in FA and lipid composition at lower temperatures (Mykytczuk et al., 2013) . However, curiously, P. halocryophilus decreases unsaturated and branched chain FAs at lower temperatures in favour of saturated FAs, contrary to what is observed in many psychrophiles, who tend to favour unsaturated and branched chain fatty acids, as well as shorter chain FA, which allow for increased fluidity of the membrane. In addition, longer chain SFAs were observed at subzero temperatures in P. halocryophilus, while longer chain UFAs were not (Mykytczuk et al., 2013) . Carotenoid pigments have been proposed to play a role in modulating membrane fluidity and in conserving homeoviscosity Chattopadhyay, 2006) . In this capacity, carotenoids act to increase membrane rigidity to balance the higher membrane fluidity as a result of changes in the composition of FA to favour branched chain and unsaturated fatty acids. The two enzymes involved in the biosynthesis of the carotenoid lycopene from phytoene, a prolycopene-producing pro-zeta carotene desaturase and a phytoene desaturase, were more abundant in the two stress conditions (Table 2 ). Since P. halocryophilus increases saturated fatty acids instead of branched or unsaturated, a mechanism as described above would not be consistent. However, this does not rule out the possibility that carotenoids associated with the membrane are playing an as yet unknown but important role in membrane activity. The proteins identified in this study no doubt play an important role in affecting fatty acid composition at these temperatures. However, the unexpected findings described above raise interesting questions with regards to the mechanisms used by P. halocryophilus to modulate membrane fluidity, thereby counteracting potential risks from increased membrane rigidity at low temperatures and warrants further investigation.
Transporters
A hydrophobic/amphiphilic exporter belonging to the HAE1 family, and a multidrug efflux pump, were unique to 2108C versus the 238C condition, while the exporter was also unique compared to 23C-salt (Table 1) . This is in addition to three ABC transporter binding proteins, involved in cysteine, ferric iron and manganese transport, which were all increased in abundance as compared to 238C, and also increased versus 23C-salt in the case of manganese transport binding (Table 2 ). The same cysteine and ferric iron ABC transporter proteins (gi|495772257| & gi|495773646|) were previously detected at the surface of P. halocryophilus in both cold and salt conditions (Ronholm et al., 2015) . While the earlier transcriptome study of P. halocryophilus did not detect the increased transcription of these specific transporter proteins, similar increases were seen in efflux and multidrug permeases as well as ABC transporter binding proteins for sugar and xylose (Mykytczuk et al., 2013) . In order to overcome lower rates of transport and diffusion across the membrane in colder environments (Nedwell, 1999) , transporters are commonly increased in psychrophiles. Permeases, exporters and ABC transporters involved in metabolite and amino acid transport have been detected in previous cold transcriptomic and proteomic studies Campanaro et al., 2011; Koh et al., 2016) , including a hydrophobe/amphiphile efflux protein and two ferric iron transporter-related proteins in Psychrobacter cryohalolentis K5 (Bakermans et al., 2007) .
Translation and ribosomal processes
Translation and ribosomal processes saw the most significant changes in protein abundance, with an overall large increase in proteins involved in ribosome biogenesis, aminoacyl-tRNA biosynthesis, RNA degradation and translation factors (Figs 2-4) . A peptide chain release factor 2 was only detected in the 2108C condition (Table 1) . This enzyme binds to the ribosome and is involved in ending mRNA translation at the stop codon and subsequent release of the completed peptide chain. Increases in abundance of this protein were also detected in the marine bacterium Sphingopyxi alaskensis (Ting et al., 2010) . tRNA A37 threonylcarbamoyladenosine dehydratase (CsdL) was present only at 2108C and 23C-salt (Table 1) ; CsdL is responsible for the formation of cyclic threonylcarbamoyladenosine (ct 6 A37) in tRNAs that read adenine and shown to be important for the recognition of noncognate codons and the preservation for decoding efficiency (Miyauchi et al., 2013) . In addition, a > fivefold increase in a protein involved in translation initiation and an RNA chaperone (Hamma and Ferr e-D'Amar e, 2006), the ribosomal large subunit pseudouridine synthase B, was observed at 2108C compared to 238C (Table 2) . RsmB and RsmE, rRNA small subunit methyltransferases, were increased almost fourfold and twofold in abundance, respectfully (Table 2) . Methyltransfereases are important regulators of translation and play important roles in stabilizing rRNA. Production of certain methyltransferases, including RsmE, has been shown to change during temperature changes (Baldridge and Contreras, 2013) , as is seen in this study. Noteworthy increases at 2108C were seen in 3 GTPbinding proteins, with probable roles in ribosome biogenesis and there was a change in abundance of ribosomal subunits with certain ribosomal proteins being reduced in favour of others, which included the 30S ribosomal protein S17, with a role in translation accuracy (Figs 3 and 4 and  Table 2 and Supporting Information Table S1 ). Variation in the content and number of ribosomal proteins has been shown to contribute significantly to ribosomal performance, as have rRNA modifications such as methylations (Sharma et al., 2003; Baldridge and Contreras, 2013) .Together, these results highlight an overall focus of P. halocryophilus at 2108C towards increasing translation rates and RNA turnover, all the while keeping translation processes tightly regulated and preserving stability and decoding efficiency. Large changes in translation processes at lower temperatures are commonly observed in psychrophiles, perhaps unsurprisingly, as organisms must undergo a number of cellular modifications to the changing environmental conditions (De Maayer et al., 2014) . In addition, the overall abundance increase seen in numerous ribosomal and translation proteins would support an attempt by P. halocryophilus to compensate for lower protein synthesis rates, a common obstacle of growth at low temperatures as a result of reduced diffusion rates (Piette et al., 2011) . The proteomic response of the psychrophile Colwellia psychrerythraea at 2108C was also dominated by an abundance increase in translation processes and protein synthesis (Nunn et al., 2015) , and we suggest that this maybe be an especially important adaptation to sustain continued growth at subzero temperatures. In certain psychrophilic communities, translation has been postulated to be the rate-limiting step for protein synthesis at low temperatures (Toseland et al., 2013) .
Nucleotide and amino acid synthesis and turnover
Amino acid and nucleotide metabolism also saw strong changes in abundance (Figs 2-4) . The largest change in nucleotide metabolism seen at 2108C was in the abundance of a uridine kinase, a key enzyme in the nucleotide salvage pathway, which was not detected at 238C or 23C-salt (Table 1 ) and a 5-nucleotidase (Table 2) , which converts 5'-nucleotides to their corresponding nucleosides and plays an important role in facilitating uptake of nucleotides (Bengis-Garber and Kushner, 1982). Several proteins involved in amino acid biosynthesis were shifted in abundance. A homocysteine S-methyltransferase, which catalyses production of methionine from homocysteine, was detected at 2108C but not in the 238C condition and, while present in the 23C-salt condition, its abundance remained higher at 2108C (Table 1) . Additional proteins involved in amino acid synthesis that were increased at 2108C and 23C-salt include chorismate synthase and D-3-phosphoglycerate dehydrogenase (Table 2) . These results suggest the potential for increasing biosynthesis of certain amino acids at 2108C; however, it should be noted that abundance decreases in enzymes involved in the biosynthesis of other amino acids was also detected (Supporting Information Table S1 and Fig. S1 Group E). There is evidence for the breakdown of extraneous amino acids, including the arginine utilization protein, RocB, implicated in the arginine degradation pathway (Calogero et al., 1994) and the alpha subunit of L-serine dehydratase, necessary for the breakdown of serine to pyruvate via the gluconeogenesis pathway (Table 2 ). Transcription of rocB was also increased in the transcriptomic study of P. halocryophilus (Mykytczuk et al., 2013) . Interestingly, we also noted a concurrent decrease in arginase (Supporting Information Table S1 ), responsible for breaking down arginine to ornithine, suggesting that arginine utilization and degradation is tightly controlled via specific pathways. Protein turnover at 2108C was apparent with abundance increases in two aminopeptidases (Table 2) . Increases in Mechanisms of subzero growth in cryophiles 4469 both amino acid biosynthesis and protein turnover rates may be important to maximize de novo protein synthesis rates and would agree with the increases seen in the nucleotide salvage pathway. The Antarctic archaeon Methanococcoides burtonii also induces protein turnover at low temperatures (Campanaro et al., 2011) . Amino acid turnover would also allow extraneous amino acids to be made available as nitrogen sources or conserved as metabolic precursors during periods of slowed growth (Mykytczuk et al., 2013) , which would be the normal growth status of P. halocryophilus in its permafrost habitat.
Replication, repair and transcription
Several components with roles in DNA replication, repair and transcription also increased in abundance at 2108C in P. halocryophilus (Figs 2-4) . A DnaD-like protein was only detected in the 2108C condition (Table 1) . DnaD is a primosomal protein (part of the complex responsible for primer loading during replication) involved in loading of the replicative ring helicase. DNA polymerase III subunits gamma/tau, ATPase components of the holoenzyme necessary for clamp loading and to coordinate activities and movement at the replication fork (Bloom, 2009) , increased more than threefold and twofold versus 238C and 23C-salt respectively. In psychrophiles, lower replication rates and higher concentrations of reactive oxygen species (ROS) can lead to accumulation of potentially damaging errors (Chattopadhyay et al., 2011; De Maayer et al., 2014) which are compensated for by inducing the antioxidative stress response and DNA repair (Bergholz et al., 2009; Chen et al., 2012; Mykytczuk et al., 2013; Tripathy et al., 2014; Aliyu et al., 2016) . Endonuclease IV, the enzyme responsible for recognition and priming of the damaged site for repair in numerous bacteria (Hosfield et al., 1999) , is increased almost threefold in the two stressed conditions compared to 238C (Table 2) . Several proteins involved in DNA repair were also detected at 2108C in Colwellia psychrerythraea (Nunn et al., 2015) . In addition to potential increases in DNA damage, low temperatures and stress conditions can induce changes to DNA supercoiling, and since DNA topology has a substantial impact on gene expression (Pruss and Drlica, 1989) , mediating these changes would be expected. DNA gyrase, the subunit B of which is almost fourfold increased at 2108C, can mediate recovery of normal supercoiling (L opez-García and Forterre, 2000) . Members of the transcriptional machinery were also affected, including, the RNA polymerase (RNAP) subunit epsilon, which was not detected at 238C (Table 1) , but highly abundant at 2108C, while the RNAP subunit alpha was approximately 1.5-fold higher at 2108C then 238C. The presence of RNAP epsilon, a novel subunit of RNA polymerase in gram-positive bacteria (Keller et al., 2014) with an as yet unknown role, is intriguing, and further research would be worthwhile to elucidate the function of this potentially important protein at subzero temperatures. Overall, there was not a very significant observable abundance increase in many transcription factors, with the exception of the attenuator MtrB, required for transcription attenuation control of the Trp operon, suggesting that control of gene expression may be more important at the post transcriptional level at 2108C in Planococcus halocryophilus.
Oxidative and carbonyl stress
Cold environments have been shown to lead to an increase in the production of ROS due to the increased volatility of gases and increases in enzymatic activity to counteract lower reaction rates, and, as such, a strong oxidative stress response has been observed in a number of psychrophiles (De Maayer et al., 2014) . This response can include stimulating DNA repair pathways, as well as antioxidative agents. In addition to a putative role in regulating membrane fluidity (discussed above), heightened synthesis of the carotenoid lycopene in P. halocryophilus under cold conditions would also be important in the oxidative response, as it is known to neutralize free oxygen radicals (Sharma and Goswami, 2011 ). As a carotenoid, it would also mitigate potential oxidative stress from UV radiation. Spermidine synthase, the enzyme responsible for converting putrescine to spermidine, was also stimulated in the 2108C condition (Table 2) . Spermidine is one of the most widely distributed polyamines in bacteria and can act as a free radical scavenger helping to reduce DNA strand breakage by ROS (Ha et al., 1998) . As with other polyamines, it is also involved in stabilizing nucleic acids and regulating intracellular pH and membrane potential (Shah and Swiatlo, 2008) . There is a significant presence at 2108C and 23C-salt of several glyoxalase family enzymes (> 10-fold) (Table 1) , as well as AldA, an aldehyde dehydrogenase (> threefold) (Table 2) , involved in the breakdown of toxic glyoxal (GO) and methylglyoxal (MGO), formed as by-products of several metabolic pathways, including glycolysis, as well as sugar, lipid and DNA oxidation from oxidative stress. The presence of these enzymes at 2108C attests to the importance of removing excess reactive electrophilic species (RES) under subzero conditions and recycling reactive carbonyls to a form (D-or Llactate) which may be reused for cellular metabolism (Lee and Park, 2017) . At 2108C, P. halocryophilus also increases abundance (2.5-fold) of rhodanese (thiosulfate/3-mercaptopyruvate sulfurtransferase) (Table 2) , theorized to play a role in cyanide detoxification, a toxic metabolic by-product, as well as contributing to sulfur metabolism and cycling (also increased at 2108C in P. halocryophilus), in cysteine metabolism, and acting as an antioxidant (Bordo and Bork, 2002; Nakajima, 2015) .
Osmotolerance and compatible solutes
Planococcus halocryophilus can tolerate up to 19% salt in solution (NaCl, aw 5 0.85) (Mykytczuk et al., 2012) . In its terrestrial permafrost-associated environment, theorized to consist of thin films of salty water surrounding soil particles (Gilichinsky et al., 2003; Steven et al., 2006) , P. halocryophilus is believed to experience high salt and low water activity (aw), in addition to cold temperatures. Salt concentrations in Eureka permafrost have been measure at 14.6 g/kg (Steven et al., 2007) and water activity in permafrost has been measured at about 0.85 (Gilichinsky et al., 1993; Vishnivetskaya, 2009 ). Although the absolute aw limit of Planococcus halocryophilus has not been determined, we expect that it would be able to tolerate at least 0.85. Accumulation of compatible solutes, both chaotropic (disorder-making) and kosmotropic (order-making), is important for osmoregulation in cold-adapted microbes, in addition to roles in increasing stability and preserving flexibility of macromolecular structures (Yancey, 2005) . Compatible solutes have been shown to reduce aw limits in certain organisms (Stevenson et al., 2015) and chaotropic substances can extend activity windows for organisms in suboptimal cold environments (Chin et al., 2010) . Although our previous genomic analyses on P. halocryophilus identified several genes with potential roles in osmoregulation through the use of compatible solutes, such as glycine betaine, upregulation in the transcriptomic data was very minor to non-existent (Mykytczuk et al., 2013; 2015) . In this study, spectral counts for three proteins involved in compatible solute uptake, glycine betaine ABC transport system binding protein OpuAC (gi|495772060), L-proline glycine betaine binding ABC transporter protein ProX (gi|495773900) and L-proline glycine betaine ABC transport system permease protein ProV (gi|495774180) were detected in one of the triplicate conditions at 2108C (data not shown), but not in duplicate or triplicate and were therefore not included in downstream analyses. One protein, the glycine betaine ABC transport system ATP-binding protein OpuAA (gi|495772057|) was detected at 2108C in duplicate but did not pass the Benjamini Hochberg (BH) statistical test (q < 0.05) to be included in further analyses. Similar results were found in the 23C-salt condition, with one exception, OpuAC was detected in triplicate and strongly increased versus 238C (> 20-fold). This, in combination with the detection of OpuAC and OpuAA at 2108C, points to the Opu glycine betaine ABC transport system as likely being at least partially important for osmotolerance in Planococcus halocryophilus, although further studies would be needed to conclusively demonstrate this. The significant increase in abundance of fructokinase at 2108C and 23C-salt (Table 2) , the first enzyme in the utilization of fructose and potentially mannitol, sorbitol and sucrose (Gardiol et al., 1980) , suggests the potential for accumulation of fructose inside the cell. While this would need to be investigated further, it is intriguing considering the known role of fructose as a chaotropic substance (Chin et al., 2010) . Fructose has been shown to be an important metabolite for cellular tolerance and growth at subzero temperatures (Chin et al., 2010) .
Energy metabolism
Production of proteins involved in energy metabolism has been shown to decrease at low temperatures in several psychrophilic/psychrotrophic organisms (Gao et al., 2006; Bergholz et al., 2009; Campanaro et al., 2011; Tribelli et al., 2015) but increases in others (Kawamoto et al., 2007; Cacace et al., 2010) , especially in 'true psychrophiles' (stenopsychrophiles), which grow faster and are more active at lower temperatures (Mock and Hoch, 2005; Hwang et al., 2008; Chong et al., 2011) . P. halocryophilus exhibits a mixed response (Fig. 2) , decreasing the abundance of certain enzymes involved in glycolysis (phosphoglycerate mutase), glucose metabolism (UTP-glucose-1-phosphate uridylyltransferase) and ATP synthesis (ATP synthase) (Supporting Information  Table S1 ), while increasing others. Those with increased abundances at 2108C include an FMN reductase and glutamate-1-semialdehyde aminotransferase, highest at 2108C compared to both 238C and 23C-salt and ferredoxin, strongly increased at both 2108C and 23C-salt (Tables 1 and 2 ). In addition, NADPH dehydrogenase, naphthoate synthase, cytochrome c-type biogenesis protein Ccs1/ResB and the beta subunit of an electron transfer flavoprotein were also increased in abundance. Emphasis on the breakdown of alternative simple sugars was seen at 2108C and 23C-salt with an increase in fructokinase (Table 2) . Sulfur cycling and iron-sulfur cluster biogenesis is important under stress, as underlined by noticeable increases at 2108C and 23C-salt (2.5-fold; Table 2 ) of cysteine desulfurase (CsdA/SufS), a primary intracellular source of sulfur due to its ability to act as a sulfur donor in sulfur cycling and is involved in the generation of iron-sulfur clusters through the recruitment of cluster assembly proteins (Suf). Two of the Suf proteins, SufB and SufC, were close to twofold increased, in addition to the scaffold protein for cluster assembly (Table 2) .
Cell growth and cell cycle control P. halocryophilus cells at 2108C differentially produce several cellular regulators of cell cycle and growth. Production of a PemK/MazF family transcriptional regulator was unique to the 2108C condition (Table 1 ). Additional proteins which showed strong increases at 2108C include GTP-binding protein Era (> fivefold), cell fate regulator
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YaaT (> 3.5-fold), cell division protein FtsH (twofold) and the ATP-binding subunit ClpX of the ATP dependent protease Clp (1.8-fold), although these proteins were also increased at 23C-salt, suggesting they are associated with a general stress response (Table 2) . MazF, an endoribonuclease, is the toxin component of a bacterial toxin-antitoxin system (MazEF), which upon it's activation can lead to a number of altered phenotypes, including growth, persistence, the stress response, and starvation (Donegan et al., 2010; Wang and Wood, 2011) . MazF was recently identified as an important stress regulator in Escherichia coli, activating a broad cellular response to harsh stress, leading to persistence, through translation reprogramming, activation of 'stress-ribosomes' and selective translation (Sauert et al., 2016) . Several proteins processed by MazF in the Sauert et al. study also increased in abundance in this study including, but not limited to, uridine kinase, multidrug efflux system, ATP-dependent RNA helicase, pseudouridine synthase and FMN reductase. It is worthwhile to ponder whether a similar global regulatory role is at play here and further studies should be carried out to investigate the potential effect of MazF on the cell response and translation processes at subzero temperatures in this organism. The Clp protease is known to have an important role in regulation of the toxin-antitoxin system in both E. coli and Staphylococcus aureus (Gerdes et al., 2005; Donegan et al., 2010) . FtsH, a cytoplasmic protease with roles in membrane protein quality control, cell division, and cell cycle regulation in several bacteria (Tomoyasu et al., 1993; Lin et al., 2014) was also detected in the surface proteome of study of P. halocryophilus at low temperatures, as was another cell division protein, FtsZ (Ronholm et al., 2015) . GTP-binding protein Era is a highly conserved GTPase with described roles in cell cycle regulation, ribosome assembly, fatty acid metabolism and energy metabolism (Verstraeten et al., 2011; Voshol et al., 2015) . In B. subtilis deletion of the era genes severely impairs spore formation (Minkovsky et al., 2002) . While the exact role of Era in P. halocryphilus is unknown, given its widespread conserved role in cell growth and cell cycle regulation (Verstraeten et al., 2011) , we would expect a similar involvement here, along with roles in ribosomal processes and fatty acid metabolism, both of which are strongly stimulated at 2108C. YaaT is involved in a complex that regulates sporulation, competence and biofilm formation through activation of the sporulation initiation phosphotransferase Spo0F (Carabetta et al., 2013) . While common in Firmicutes, our previous analysis did not find evidence for sporulation in this organism (Mykytczuk et al., 2012) , although the analysis was performed under optimal growth conditions. The heightened presence of YaaT and Era would suggest some role of sporulation in Planococcus halocryophilus when under significant cold or salt stress. Further studies would be needed to ascertain the exact role of these proteins and extent of sporulation under these conditions. The significant changes in abundance observed in cell cycle and growth proteins is indicative of a complex and tightly controlled cell cycle response by P. halocryophilus at 2108C, whereby the organism induces several stress responses, uses resources efficiently, and limits its growth to only those instances where it is energetically favourable to do so in order to maximize long term survival.
Genomic redundancy
Previous genomic and transcriptomic analysis of Planococcus halocryophilus revealed evidence for genomic redundancy and possible isozyme exchange (Mykytczuk et al., 2013) and it was hoped that this study might reveal the extent to which this mechanism is utilized for differential gene expression at different temperatures or growth conditions. Planococcus halocryophilus was found to have differentially abundant isozymes of a number of proteins in the different conditions (Table 3) , including one copy each of FMN reductase and N-acetylmuramoyl-L-alanine amidase only detected at 2108C and 23C-salt and one copy of Glutamate-1-semialdehyde aminotransferase detected only at 2108C, while additional copies are only detected in the 238C conditions. This is likely to offer a temperature growth range advantage, whereby cold or hot adapted isozymes can catalyse similar reactions at different temperatures (Maki et al., 2006) .
Conclusion
An overview of the 2108C-specific response, highlighting important processes and mechanisms present or increased in this condition, is provided in Fig. 5 . Growth of Planococcus halocryophilus at 2108C involves a series of complex responses and overall significant changes in abundance of proteins involved in many processes and functions rather than simply an increase or decrease in a specific category. Large changes were observed in translation and ribosome processes, amino sugar and nucleotide sugar metabolism, transporters, amino acid biosynthesis and pyrimidine, purine and pyruvate metabolisms. Nonetheless, certain pathways and processes saw significant upregulation, with large increases in abundances of proteins mapping to those pathways and with only minor decreases, including peptidoglycan biosynthesis, DNA repair and replication, sulfur cycling, mRNA and ribosome biogenesis, nucleotide and RNA turnover, nicotinamide metabolism and fructose/mannose metabolism. We identified proteins (Fig. 5) with potentially important roles in fatty acid and membrane metabolism, transport of metabolites, in the breakdown of ROS and RES, in ribosomal processes, nucleotide turnover and regulating the translational response. The strong increase of MazF/ PemK is intriguing and highlights its potentially central role in regulating the subzero response in P. halocryophilus, through translational reprogramming and selective translation, emphasized by the strong changes observed in most translational and ribosomal processes. This study also raises interesting questions with regards to the mechanisms by which P. halocryophilus modules membrane fluidity at subzero temperatures, which warrants further investigation. We found that P. halocryophilus has differential abundances of a number of isozymes in the different growth conditions, likely important for supporting the broad growth range and high salt tolerance observed in this organism.
While COG and KEGG annotations and BLAST results serve as useful indicators of potential function, it should be noted that they are still only able to provide predictions of function and activity based on homology. Further studies targeting individual or subsets of genes for functional characterization at 2108C are needed to fully elucidate their roles and more thoroughly explore the specific functions and processes important for subzero growth. It is also important to highlight that this in vitro study does not replicate the harsher permafrost conditions which P. halocryophilus would be expected to encounter in its native environment and therefore these results should be weighed in that context. Nevertheless, it remains an ideal method for observing cellular and molecular responses of isolates in a controlled setting and provides important clues that forms a baseline for further research. The present study identified potentially novel and significant mechanisms involved in subzero growth in Planococcus halocryophilus and increases our global understanding of growth in cold-adapted microorganisms.
Experimental procedures

Growth conditions
Planococcus halocryophilus Or1 was cultured on Tryptic Soy Agar (BD Difco) media at 238C (Room Temperature). Cultures for protein extraction were grown in liquid Tryptic Soy Broth (BD Difco), supplemented with 12% w/v NaCl and 5% v/v glycerol, at 238C or 2108C without shaking. NaCl and glycerol serve as freezing point depressants to allow the media to remain liquid at 2108C. Control cultures with no added NaCl or glycerol added were grown in Tryptic Soy Broth (TSB) at 238C.
Protein extraction
Triplicate cultures were grown and used for protein extraction for each of the following growth condition: 238C TSB no added NaCl (238C), 238C TSB with 12% w/v NaCl (23C-salt) and 2108C TSB with 12% w/v NaCl (-108C). Cultures for extraction were inoculated from overnight liquid cultures grown at 238C at a starting optical density (OD 600 ) of 0.1. To maximize biomass, 2108C and 23C-salt cultures were grown for 4 months and 45 days respectively, to late exponential phase, OD 600 0.35-0.4. Since 238C cultures (no added NaCl) have higher cell densities at late exponential phase (OD 600 1.0), they were diluted to achieve similar concentrations as the cultures under 2108C and 23C-salt conditions prior to extraction. It is challenging to grow this organism at 2108C. It is time consuming due to slow generation times (40 days) (Mykytczuk et al., 2013) and since excessive shaking or perturbation of the cultures is detrimental to growth, likely due to the disruption of the cell aggregates and encrustations that occur at subzero temperatures (Mykytczuk et al., 2013; 2015) , care was taken to disturb the cultures as little as possible. Proteins were extracted as described in Chourey et al. (2010) with some modifications. Cultures were centrifuged (Thermo IEC 21000R) at 3000 g for 10 min to collect cells. Ten millilitre of SDS-based lysis buffer was added [5% SDS, 50 mM Tris-HCl, pH 8.5; 0.15M NaCl; 0.1 mM EDTA; 1 mM MgCl 2 ; 50 mM Dithiothreitol (DTT)] and the solution vortexed. Following brief sonication (3 3 10s), the tubes were transferred to a hot water bath for 15 min and then cooled for 10 min. The solution was transferred to a sterile falcon tube and centrifuged at 21,000 g for 15 min to collect cell debris. The supernatant was transferred to multiple Eppendorf tubes and 100% chilled TCA (Trichloroacetic acid) was added to a final concentration of 25%. Tubes were mixed by vortexing and incubated overnight at 2208C. Proteins were precipitated by centrifugation at 21,000 g for 15 min, the supernatant discarded and the pellet washed three times with chilled acetone with centrifugation between each wash (21,000 g 3 10 min). The washed pellet was air dried to remove all traces of acetone and stored at 2208C.
Sample preparation for liquid chromatography-mass spectrometry/mass spectrometry
The dried protein pellet was solubilized in 6 M guanidine buffer (6 M guanidine; 10 mM dithiothreitol [DTT] in TrisCaCl 2 buffer (50 mM Tris; 10mM CaCl 2 , pH 7.8) and incubated at 608C for 3 h. An aliquot of this mix was retained for protein estimation measurements using the RC/DC protein estimation kit (Bio-Rad Laboratories, Hercules, CA, USA) as per the manufacturer's instructions. The solubilized protein sample was subjected to trypsin (Promega, Madison, WI), digestion and overnight incubation at 378C as described earlier (Thompson et al., 2007) . Following digestion, the peptide mix was amended with 10 mM DTT (final concentration) and peptides stored at 2808C until MS analysis. For this study, we chose a semi-quantitative mass spectrometry approach which is best to gauge the relative abundance of proteins in and across the samples. This approach also assures that a rare or abundant peptide gets an equal chance at being detected (Hettich et al., 2013) . Use of this technique is well established and widely accepted to study proteomes, especially for deep proteome measurements (Hettich et al., 2013; Bagnoud et al., 2016; North et al., 2016) .
NanoLC-MS/MS analysis
For MS analysis, 75 lg of peptide mix was loaded onto a biphasic resin packed column as described earlier (Brown, 2006; Thompson et al., 2007) and the loaded column subjected to 45 min offline wash and connected to the C18 packed nanospray tip (New Objective, Woburn, MA) as described by Bagnoud et al. (2016) and Sharma et al. (2012) . Peptides were chromatographically separated using a11-step separation method controlled via Ultimate 3000 HPLC system (Dionex, USA) connected to an LTQ-Orbitrap-Elite mass spectrometer (Thermo Fisher Scientific, Germany). Peptide fragmentation and measurements were carried out as described earlier (Sharma et al., 2012) . The mass spectrometer was operated in data dependent mode, using Thermo Xcalibur software V2.1.0 as described earlier (Sharma et al., 2012; Bagnoud et al., 2016) . Mass spectrometry data has been added to the online database MassIVE (https://massive.ucsd.edu/ProteoSAFe/static/massive.jsp), a member of ProteomeXchange, under ID MSV000081159 (ftp://massive.ucsd.edu/MSV000081159).
Protein identification and data analysis
For protein identifications, the raw spectra were searched against Planococcus halocryophilus database, obtained from the Joint Genome Institute Integrated Microbial Genomes website (JGI IMG/MER; https://img.jgi.doe.gov/cgi-bin/mer/ main.cgi). The searches were carried out using Myrimatch v2.1 algorithm (Tabb et al., 2008) set to parameters described by Xiong et al. (2015) with no peptide modifications. Identification of two unique peptides per protein sequence was set as a prerequisite for protein identification. Common contaminant peptide sequences from trypsin and keratin were concatenated to the database. False discovery rate (FDR) was calculated using reverse database sequences as decoy and cutoff for peptide identification was maintained at < 1%. Spectral counts of identified proteins were normalized as described before (Paoletti et al., 2006) to obtain the normalized spectral counts (nSpc). Only proteins identified in at least two of the three biological replicates in each growth condition were considered for further downstream analysis (Supporting Information Datasets S1 and S2). Clusters of Orthologous Groups (COG) categories and Kyoto Encyclopedia of Genes and Genomes (KEGG) annotations, as well as updated genome annotations, for Planococcus halocryophilus were obtained from JGI IMG/MER and used to match and assign function to the subset of proteins identified in each of the three conditions. Manual annotation of the P. halocryophilus genome was carried out after initial sequencing, described in Mykytczuk et al. (2013) , and was checked against updated annotations by JGI in this study. Mapping of proteins with KEGG annotations to KEGG pathways and KEGG Orthology was achieved using the KEGG pathway mapper (http://www. Tables 1 and 2 for corresponding full protein name of abbreviations used in this figure. Coloured boxes are used to distinguish between distinct categories/functional pathways and their associated proteins. Yellow: general functional category/pathway; Grey: specific protein function; White: products/intermediates of enzymatic pathway. Boxes with thick coloured borders highlight relevant proteins that are increased in abundance at 2108C.
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genome.jp/kegg/pathway.html). Care was taken to manually cross-reference predicted functions for proteins discussed in the text against function assignments in available literature studies. Only proteins with a fold change (FC) of 1.5 and q value of < 0.05 were included in KEGG and COG analyses. Heat maps were generated via Perseus software (Tyanova et al., 2016) using log 2 2 transformed nSpc values. The cell model was constructed using Adobe Illustrator CS6.
Supporting information
Additional Supporting Information may be found in the online version of this article at the publisher's web-site: Fig. S1 . Heat maps showing average spectral counts (nSpc) for proteins differentially abundant at 2108C, 238C with NaCl (Salt Stress), and 238C (Room Temperature).
Proteins are grouped by COG category. C: Energy production and conversion; D: Cell cycle control, cell division, chromosome partitioning; E: Amino Acid metabolism and transport; F: Nucleotide metabolism and transport; G: Carbohydrate metabolism and transport; H: Coenzyme metabolism and transport; I: Lipid metabolism and transport; J: Translation, ribosome structure and biogenesis; K: Transcription; L: Replication, recombination, and repair; M: Cell wall/membrane/envelope biogenesis; N: Cell motility and secretion; O: Post-translational modification, protein turnover, chaperone functions; P: Inorganic ion transport and metabolism; Q: Secondary metabolites biosynthesis, transport, and catabolism; T: Signal Transduction; V: Defense mechanisms; R: General Functional Prediction only Table S1 . Select proteins with differentially decreased abundances (fold change 1.5) and proteins with no normalized spectral counts detected at 2108C compared to 238C and 238C with NaCl. Dataset S1. Comparison of protein abundances, including normalized spectral counts and fold changes, between the three experimental conditions for all proteins identified in at least 2 of the replicate conditions. Dataset S2. All proteins that were identified in each replicate in the three experimental conditions with corresponding number of peptides identified and spectral counts.
